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Abstract
Mesoporous platinum microeletrodes (MPtEs) modified by sub-monolayers of irreversibly adsorbed bismuth (Bi-
MPtE) were investigated for their potential use as sensors for the detection of formic acid in direct formic acid fuel
cells. The mesoporous platinum films were prepared by electrodeposition of platinum on Pt microdisks substrates
25 mm diameter, from hexachloroplatinic acid dissolved in the aqueous domain of the lyotropic liquid crystalline
phase of octaethylene glycol monohexadecyl ether. The roughness factor (RF) of the MPtEs was about two orders
of magnitude greater than those of the corresponding polished microelectrodes. Bismuth ad-atoms onto the plati-
num surface were deposited by under potential deposition from 1 mM Bi3+ ions in 0.5 M H2SO4 solutions. The cata-
lytic activity of a series of Bi-MPtEs, characterized by different roughness and fractional bismuth coverage (qBi), to-
wards the oxidation of HCOOH, was investigated by cyclic voltammetry and potential step experiments. Compared
to MPtEs, Bi-MPtEs displayed enhanced electrooxidation currents at lower potentials. The stability of irreversibly
adsorbed bismuth, and consequently the Bi-MPtEs catalytic activity, was found to depend on the high potential
limit employed in the measurements. In general, both electrode stability and electrocatalytic performance were
good, provided that the operational potential was kept 0.4 Vvs. Ag/AgCl. Bi-MPtEs with qBi>0.3 provided
almost sigmoidal shaped waves with low hysteresis, as those expected for microelectrodes working under steady
state. The effect of concentration of HCOOH was investigated over the range 0.01–5 M, and linearity between cur-
rent and concentration depended on both roughness factor and bismuth coverage. A Bi-MPtE characterised by
RF=210 and qBi0.6 provided linearity up to 2 M of formic acid. Reproducibility of the sensors was within 2%
(RSD). The same sensor, under the optimized experimental conditions, could be employed for at least two months
with negligible loss of the initial performance.
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1 Introduction
Fuel cells powered by small organic molecules (SOMs)
such as methanol, ethanol and formic acid have rapidly
progressed due to rising energy demands, depletion of
fuel reserves and environmental pollution issues [1–6].
Polymer electrolyte membrane fuel cells based on SOMs
are promising, in particular, for application in portable
electronic devices [1,2]. Among SOMs, formic acid has
gained special interest as a fuel for direct formic acid
fuels cells (DFAFC), because of good power densities,
high performance at relatively low temperature [7], and
lower crossover rate through the Nafion membranes com-
pared with methanol [2–6]. The latter phenomenon is a
significant issue limiting the cell performance of a fuel
cell based on SOMs. It, in fact, reduces fuel utilization,
results in a detrimental mixed potential, and SOMs can
act as poisons for the cathode material. Therefore, SOMs
sensors are required to detect their level both in the fuel
fed in the anodic compartment of the cell and in the
cathodic zone where SOMs can permeate through the
membrane.
Electrochemical sensors are suitable to this purpose, as
they allow easy and rapid detection of compounds even
on line with simple and relatively inexpensive apparatuses
[8]. Electrochemical sensors for SOMs, especially for
methanol, have been developed and they are basically ar-
ranged as small fuel cells [9]. Although, under given con-
ditions, these sensors display satisfactory performance,
their operation suffers from the need of external feeding
of oxygen or air to the cathode to allow a complete con-
sumption of the fuel that diffuses to the anode/membrane
surface.
In this paper we investigate the performance of single
miniature electrodes that can operate over a formic acid
concentration range, which can be expected to diffuse to
the cathode zone of a DFAFC. The sensors here devel-
oped are based on microelectrodes (i.e. , electrodes with a
critical dimension 50 mm) [10], which are coated by ma-
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terials that are employed as catalysts for the efficient
electrooxidation of formic acid.
As it is known, platinum-based catalysts are among the
most efficient materials for formic acid oxidation [11,12].
However, platinum is susceptible to poisons such as CO,
which strongly adsorbs onto the electrode surface active
sites resulting in a dramatic decrease in catalytic efficien-
cy [3,4,13]. Under given conditions, the activity of plati-
num towards the electrooxidation of HCOOH can be
promoted by either using nanostructured platinum elec-
trodes [13–15] or platinum electrodes modified by foreign
metal ad-atoms [16–24].
Platinum electrodes with high surface areas and well-
defined periodic nanostructures have recently received in-
creasing interest, because of their potential applications
in electrocatalysis and electroanalysis [14,16,19,20,21,25–
31]. These electrode systems can be prepared by templat-
ing techniques from lyotropic liquid crystalline phases of
non-ionic surfactants [32–35]. In particular, the normal
topology hexagonal (HI) liquid crystalline phase has been
used as a template for the synthesis of mesoporous plati-
num thin films via the electrochemical reduction of plati-
num salts dissolved in the aqueous domain of the liquid
crystalline phases [32–35]. The pore diameters of the HI-
Pt films reflect those of the liquid crystal structure and
typically range between 2 and 5 nm [32–35]. Depending
on the thickness of the Pt films, which can be controlled
by the deposition charge, the real surface areas of the
electrodes can be up to two or three orders of magnitude
greater than those of the bare electrodes.
Mesoporous platinum films have been employed for
the electrooxidation of methanol and formic acid, and be-
cause of their high surface areas, they have displayed poi-
sons-tolerance behaviour [13,25,26]. Moreover, modifica-
tion of the Pt surface with ruthenium has provided fur-
ther improvements of the electrode activity towards
formic acid electrooxidation [21]. In a preliminary work,
HI-Pt microelectrodes modified by sub-monolayers of bis-
muth (Bi-MPtEs) have also been employed for the elec-
trooxidation of HCOOH [20]. However, the activity of
these types of electrodes can critically be affected by the
real surface areas, bismuth coverage and stability of the
latter onto the electrode surface. These aspects are inves-
tigated in detail here to assess the suitability of a series of
MPtEs and Bi-MPtEs to be employed as sensors for mon-
itoring HCOOH in DFAFC. The mesoporous platinum
microelectrodes can be advantageous, as they combine
the high real surface area of the nanostructure with effi-
cient mass transport characteristics [10]. Moreover, they
allow measurements to be performed at high current den-
sities with negligible effects due to voltage drop [10] even
in fuels that are characterized by relatively low ionic
strength [36,37].
2 Experimental
2.1 Chemicals and Reagents
All chemicals employed were of analytical reagent grade.
Hexachloroplatinic acid (HCPA), potassium chloride, the
surfactant octaethylene glycol monohexadecyl ether
(C16EO8), Bi(NO3)3 standard solution (1005 mg/L+5 wt%
HNO3) and ruthenium(III) hexaammine trichloride were
purchased from Aldrich. Sulfuric acid was from Carlo
Erba reagents. All chemicals were used as received, and
all aqueous solutions were prepared with deionised water
purified via a Milli-Q unit (Millipore system). Unless oth-
erwise stated, all measurements were performed in solu-
tions purged with pure nitrogen (99.99% from SIAD)
and at room temperature (211 8C).
2.2 Liquid Crystalline Plating Mixture
The liquid crystalline plating mixture was composed of
42% (w/w) C16EO8, 29% (w/w) HCPA and 29% (w/w)
Milli-Q water [27,28,33,35]. The normal topology HI
phase was produced through efficient mixing of the com-
ponents, employing a vortex mixer, while subjecting the
mixture to three eating-cooling cycles from 20 to 80 8C
[33]. Prior to further use, the liquid crystalline phase was
allowed to equilibrate for 24 h at room temperature.
2.3 Instrumentation and Electrodes
All electrochemical experiments were carried out in a
two-electrode cell maintained in a Faraday cage made of
sheets of aluminum to minimise external interference.
Cyclic voltammetry (CV) and chronoamperometry (CA)
were performed by using the Potentiostat/Galvanostat M
283 EG&G PAR (Princeton, NY) in conjunction with the
M 270 (EG & G PAR) software. Unless otherwise stated,
the reference electrode was an Ag/AgCl saturated KCl.
The smooth platinum disk microelectrodes were pre-
pared by sealing 25 mm diameter platinum wires into glass
capillaries. All mesoporous platinum microelectrodes
were prepared by electrodeposition of platinum films
onto the platinum disk microelectrodes from the liquid
crystalline plating mixture. The electrodeposition was car-
ried out at constant potential at about 0.6 V against a
platinum spiral used as pseudo reference electrode. After
deposition, the mesoporous electrodes were allowed to
soak in Milli-Q water for 12–24 h to remove the surfac-
tant.
The geometric radius of all microdisk electrodes (and
consequently their geometric surface areas) was deter-
mined by recording the steady-state diffusion limiting cur-
rent (IL) from a 1 mM Ru(NH3)6Cl3 solution containing
0.1 M KCl, and using the following equation [8].
IL ¼ 4 n F D cb a ð1Þ
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where n (equal to 1) is the number of electrons, F is the
Faraday constant, D is the diffusion coefficient of the
electroactive species (7.0106 cm2s1) [38], cb (equal to
1 mM) is the bulk concentration and a is the radius of the
microdisk. The steady state limiting current was deter-
mined by cyclic voltammetry at 5 mVs1, where radial
diffusion prevails [8,10].
The real surface area of the various mesoporous Pt
films was determined by cyclic voltammetry in 0.5 M sul-
furic acid [20,33,39,40], and by analysis of the hydrogen
underpotential deposition (H-UPD) process [39,40],
which occurs over the potential region from 0.2 to
0.2 V, vs. Ag/AgCl, and is due to the adsorption/desorp-
tion of a hydrogen monolayer onto the Pt surface. The
charge involved in the H-UPD was converted to the real
surface area using a conversion factor of 210 mCcm2
[40,41]. The ratio between this surface and the geometric
surface area of the electrode gave the roughness factor
(RF). In this work, MPtEs with RF values in the range
from about 2 (i.e., polished Pt microdisks) to 210 were in-
vestigated.
2.4 Ex-situ Preparation of Bismuth Modified
Mesoporous Platinum Microelectrodes (Bi-MPtEs)
Bismuth modified mesoporous platinum microelectrodes
were prepared by underpotential deposition of Bi(0) at a
constant potential of 0.1 V [20,42], from a 1 mM
Bi(NO3)3 solution. The deposition time was varied from 1
to 3 min, depending on the RF factor of the MPtE and on
the bismuth coverage desired. The Bi-MPtEs thus pre-
pared were taken out from the cell containing Bi(III)
ions, rinsed with deionised water and then transferred, for
further investigation, in a cell containing either 0.5 M
H2SO4 base electrolyte only or the base electrolyte and
formic acid at different concentrations.
3 Results and Discussion
3.1 Characterisation and stability of Bi-MPtEs
Figure 1 compares typical CVs recorded with an MPtE in
a 0.5 M H2SO4 solution before (full line) and after its
modification with different amounts of adsorbed bismuth
(dashed and dotted lines). Distinctive characteristics for
the presence of bismuth ad-atoms on the platinum surface
are the depression of the hydrogen adsorption/desorption
peaks and the appearance of peaks I and I’, which super-
impose to those corresponding to Pt oxide formation and
reduction. The depression of the hydrogen adsorption/de-
sorption is due to the fact that hydrogen does not adsorb
on Bi(0) [42], while the peaks I–I’ are due to the oxida-
tion/reduction of Bi irreversibly adsorbed onto the Pt sur-
face, the latter reactions occurring concomitantly to the
metal oxide processes [20,42]. Since only the Pt sites un-
blocked from Bi are available for H-UPD, the fractional
coverage of Bi ad-atoms (qBi) was evaluated from the
charge involved in the hydrogen desorption before (QH
b)
and after (QH
a) adsorption of Bi on the Pt electrode sur-
face, by using the following relationship [20]:
qBi ¼ ðQHbQHaÞ=QHb ð2Þ
Bi-MPtEs with qBi values in the range 0–0.94 were thus
prepared. The stability of adsorbed Bi depended on the
high potential limit set in the measurements. This was
verified by performing a series of CVs starting from
0.250 V and setting the upper potential limit at values
where oxidised species of bismuth could be formed [43].
It was found that the initial amount of Bi on the Pt sur-
face, i.e. , that adsorbed from the Bi(III) containing solu-
tions, was almost completely retained, provided that the
upper potential limit was fixed below 0.55 V. Higher po-
tential limits above 0.55 V led to a progressive bismuth
desorption upon continuous potential cycling, as was indi-
cated by the increase of the hydrogen adsorption/desorp-
tion peaks and simultaneous decrease of the peak system
I-I. For instance, the CVs shown in Figure 1 with a
dotted and dashed line were recorded with a Bi-MPtE
RF=65 and qBi=0.70 (initial value) over the potential
window from 0.25 to 0.9 V after 20 and 30 cycles, re-
spectively; correspondingly, the initial qBi value decreased
to about 0.50 (dotted line) and 0.35 (dashed line).
3.2 Formic Acid Oxidation
Preliminarily, a series of cyclic voltammograms for the
oxidation of formic acid was performed at unmodified
MPtEs with different RF factors, and Figure 2 shows typi-
cal CVs obtained for two MPtEs with RF equal to 65 and
210 in 0.5 M H2SO4, containing 0.1 M HCOOH. In these
experiments the high potential limit was set at 0.9 V.
Under these conditions, two anodic peaks (1 and 2) in the
direct scan, and the broad bell shaped wave (3), in the re-
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Fig. 1. Cyclic voltammograms recorded in a 0.5 M H2SO4 solu-
tion at a (—) MPtE RF=65 and at Bi-MPtE RF=65 and qBi=
0.70 after (- - - - ) 20 CV cycles and after (·····) 30 CV cycles. Po-
tential window from 0.25 to 0.95 V. Scan rate 50 mVs1.
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verse scan were obtained. This voltammetric behaviour is
in good agreement with those previously reported in the
literature for smooth polycrystalline platinum electrodes
[16,18,19,43–47], and reflects either the well-known dual
paths mechanism [46,48], or, as was recently proposed,
the triple path mechanism [11,48]. That is, the direct
formic oxidation to CO2 (dehydrogenation path), the
route mediated by COads-like poison species (dehydration
path), and the formate pathway, involving the formation
and subsequent oxidation of adsorbed formate to CO2.
Accordingly, the first forward peak (1) is attributed to the
direct HCOOH oxidation occurring at surface sites that
remain unblocked by CO. The second forward peak (2) is
related to the oxidation of adsorbed COads, which results
from dehydration of formic acid. This electrode process
leads to the release of the surface locations of the cata-
lyst, and on the negative-going scan markedly larger
anodic currents (wave 3) are observed, reflecting the
HCOOH oxidation on the catalyst surface free from
COads [18]. From Figure 2 it is also evident that the in-
crease of the real surface area of the MPtEs provides a
general increase of the current over the entire potential
window investigated, as expected for electrode processes
occurring under kinetic control [26–28,30]. As for peak 1,
its current increases almost linearly with real surface area
as is evident from data included in inset of Figure 2.
The effect of Bi adsorbed on the Pt surface on the elec-
trooxidation of HCOOH is shown in Figure 3, where a
series of CVs performed at a range of Bi-MPtEs, having a
fixed RF and different qBi values, is displayed. As it is evi-
dent, by increasing bismuth coverage, the onset of the
first forward wave shifts progressively towards less posi-
tive values (from 0.1 V at qBi=0 down to 0.1 V at qBi=
0.67), while its current increases up to four times greater
than that of the uncoated MPtE. Peak 2 is somewhat low-
ered and is almost obscured for qBi>0.4. The oxidation
current of wave 3 in the reverse scan also increases as qBi
increases, but to a smaller extent. These results suggest
that, as the bismuth coverage increases, the formic acid
dehydration rate becomes slower, and therefore smaller
amounts of CO are eventually accumulated on the elec-
trode surface during the direct scan. This CO removing-
effect is very effective for qBi>0.3, as also suggested by
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Fig. 2. Cyclic voltammograms obtained in a solution containing
0.5 M H2SO4 and 0.1 M HCOOH at an MPtE: (—) RF=210 and
(- - - -) RF=65. Scan rate 50 mVs1. Inset: Plot of peak current
(1) against real surface area (Ar).
Fig. 3. Cyclic voltammograms obtained in a solution containing 0.5 M H2SO4 and 0.1 M HCOOH at an MPtE RF=65 modified by
different amounts of irreversibly adsorbed bismuth, as indicated in the figure. Scan rate 50 mVs1.
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the circumstance that, under the latter conditions, the cur-
rents for the forward scans were somewhat larger than
those of the backward scans, while the maximum current
shifts from 0.4 V, at the MPtE, to 0.1 V at the Bi-MPtEs
(Figure 3). It must be noticed that, the catalytic activity
of the Bi-MPtEs observed here is congruent with those
reported in the literature for polycrystalline platinum
nanoparticles dispersed on various types of carbon sup-
ports, loaded by similar amounts of irreversibly adsorbed
bismuth on the Pt surface [5,22,23]. As for the sudden de-
crease of current, which applies, regardless of the bismuth
coverage, for potentials above 0.65 V, it can conceivably
be attributed to the formation of oxidised platinum and
bismuth species on the electrode surface, which also have
detrimental effects on the HCOOH electrooxidation pro-
cess [16,18,19,43–47]. This can easily be inferred by com-
paring the voltammograms of Figures 1 and 3e–f.
As mentioned in the previous section, the high poten-
tial limits set in the cyclic voltammograms play an impor-
tant role on the Bi-MPtEs stability. This in turn can affect
the catalytic performance of the electrodes towards
HCOOH electrooxidation upon continuous potential cy-
cling. This aspect was investigated by performing CV
measurements in which the high potential limit was set at
values where Bi-UPD was either less or more stably ad-
sorbed on to the electrode surface. Typical cyclic voltam-
mograms recorded at Bi-MPtEs RF=63 and qBi=0.55 in
0.1 M HCOOH, upon continuous cycling the potential
over the range from 0.1 to 0.9 V or 0.1 to 0.4 V, are
shown in Figure 4 and Figure 5a, respectively. From
Figure 4, it is evident that, in the case of higher potential
limits, as the number of cycles increases, the features of
the voltammogram progressively changes from that char-
acteristic of high to that of low bismuth coverage (com-
pare Figures 3 and 4). This is clearly due to the fact that
adsorbed bismuth is progressively released from the elec-
trode surface (see also section 3.1). On the other hand,
when the high potential limit is set at 0.4 V, rather stable
waves with low hysteresis are recorded. Figure 5a shows,
as an example, the 1st and 30th cyclic voltammograms ob-
tained under the latter conditions, which also testify the
excellent reproducibility of the measurements. Further-
more, the shape of the CVs in Figure 5a close resembles
that expected for a microelectrode working under steady-
state conditions, i.e., where a hemispherical diffusion
regime prevails [10]. It must be remarked that investiga-
tions on HCOOH electrooxidation performed at a nano-
structured palladium-gold alloy microelectrode also pro-
vided sigmoidal(S)-shaped waves [29]. Instead, no S-
shaped voltammogram was ever recorded at bismuth-
modified polycrystalline platinum electrodes of conven-
tional size. These circumstances, therefore, suggest that
mass transport play also a role in the electrooxidation
process of HCOOH at the investigated Bi-MPtEs. The
steady-state character of the current, which can be mea-
sured at potentials over the plateau region, was also
checked by chronoamperometry. Figure 5b shows typical
current-time profiles obtained by setting E=0.25 V and t
equal to 30 s or 180 s. As it is evident, the current de-
creases rapidly at short times and then reaches an almost
constant value, which, at 30 s, corresponds, within 5%, to
that obtained by CV at the same potential.
Measurements as those described above were also per-
formed by using Bi-MPtEs with either a fixed RF or dif-
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Fig. 4. Cyclic voltammograms obtained in a solution containing 0.5 M H2SO4 and 0.1 M HCOOH at a Bi-MPtE RF=65 and qBi=
0.55. Effect of cycling over the potential window from 0.10 to 0.95 V. Number (n) of cycles indicated in the figure. Scan rate
50 mVs1.
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ferent initial qBi values, and vice versa. Apart from the
specific currents involved, in general, behaviours as those
described previously were found. However, comparison
of the current values normalised for the real surface area
indicated that current density was somewhat larger as the
RF of the Bi-MPtEs increased. This suggested that real
surface area and bismuth coverage could have a coopera-
tive effect on the HCOOH oxidation process.
The effect of bulk concentration of the HCOOH on
the activity of two Bi-MPtEs was investigated over the
range 10 mM–5 M by using cyclic voltammetry and chro-
noamperometry. In order to preserve the stability of bis-
muth adlayers, in these measurements, the high potential
limit was set at 0.4 V. Bi-MPtEs with a fixed RF=210
and qBi equal to 0.6 and 0.26 were examined. Compara-
tive measurements were also performed with the corre-
sponding unmodified MPtE over the same concentration
range. Figure 6 shows a series of CVs obtained at the Bi-
MPtE RF=210 and qBi=0.6 in HCOOH solutions at dif-
ferent concentrations, while Figure 7 displays current
against concentration plots obtained over the entire con-
centration range examined for the two Bi-MPtEs and the
MPtE investigated. In the latter case, the current of pro-
cess (1) in Figure 1 was considered for the construction of
the plots. Calibration plots (not shown) as those displayed
in Figure 7 were also obtained by taking the steady-state
currents from chronoamperometry (at 30 s or 120 s). In
all cases, the current increased up to a value, which was
the higher the larger the bismuth coverage, after which
the current levelled off or even decreased (Figure 7).
From linear regression analysis of experimental data,
linear dynamic ranges and slopes for the various electro-
des were evaluated (Table 1). All calibration parameters
were higher at the Bi-PtME with qBi=0.6, at which cur-
rent increased linearly up to 2 M. The decrease of current
at high HCOOH concentrations suggests that the oxida-
tion rate of HCOOH also decreases. This negative effect,
as expected, is more dramatic for Bi-PtMEs with lower
bismuth coverage and for the MPtEs. Reproducibility and
long term stability of the Bi-PtMEs were investigated by
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Fig. 5. (a) Cyclic voltammograms obtained in a solution con-
taining 0.5 M H2SO4 and 0.1 M HCOOH at a Bi-MPtE RF=65
and qBi=0.55. Effect of cycling over the potential window from
0.1 to 0.4 V; (—) 1st cycle, (- - - -) 30th cycle. Scan rate 50 mVs1.
(b) Chronoamperometry performed at 0.25 V for 30 s and 180 s
in the same solution as above.
Fig. 6. Cyclic voltammograms recorded at a Bi-MPtE RF=210
and qBi=0.6 in 0.5 M H2SO4 containing HCOOH (1) 0.05 M, (2)
0.1 M, (3) 0.02 M, (4) 0.5 M, (5) 1 M. Scan rate 50 mVs1.
Fig. 7. Calibration plots for HCOOH obtained from CV in a so-
lution containing 0.5 M H2SO4 at Bi-MPtEs with RF=210 and
qBi equal to (*) 0, (&) 0.25, (~) 0.6.
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running repetitive measurements over the concentration
range, where linearity applied. It was found that reprodu-
cibility was within 2% (RSD.) (at least four replicates
were performed at each concentration) provided that the
sensors were employed under the above optimised exper-
imental conditions of upper potential limits. Long term
stability was also ascertained by using the Bi-PtME RF=
210 and qBi=0.6. Measurements were performed by run-
ning 2–3 CVs each day for three consecutive months. It
was found that the investigated electrode system essen-
tially kept its initial performance (within 0.3–0.4%/week)
over a period of two months. Afterwards, the current
values, at a given HCOOH concentration, progressively
decreased (~1%/week), probably for the partially
damage of the mesoporous nanostructure. The loss of ad-
sorbed Bi, which also could deteriorate the sensor perfor-
mance, could be easily recovered by reloading the elec-
trode surface with the appropriate amount of bismuth.
4 Conclusions
In this paper it has been shown that mesoporous platinum
microelectrodes modified with even small amounts of ad-
sorbed bismuth enhances the formic acid oxidation cur-
rent. However, the stability of the Bi-MPtEs has been
found to depend on higher potentials set in the experi-
ments. In particular, potentials greater than 0.5 Vvs. Ag/
AgCl resulted in the progressive release of Bi from the Pt
surface, and consequently in the decrease of the catalytic
activity towards the electrooxidation of HCOOH. Good
performance has instead been found when the operation
potentials were set at values 0.4 V. Bi-MPtEs with rela-
tively high Bi coverage (i.e., qBi0.6) have displayed sig-
moidal voltammograms as those expected for microelectr-
odes working under a steady state. It has also been veri-
fied that the steady state current is proportional to the
bulk concentration of HCOOH over a concentration
range that depended on the Bi loading the mesoporous
platinum. Bi-MPtEs and qBi0.6 provided a linear dy-
namic range up to 2 M with high repeatability. These ana-
lytical features are suitable for monitoring, and thus con-
trol, the crossover of HCOOH in DFAFC [49].
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